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Abstract: 10 
Goethite and Al-substituted goethite were synthesized and were characterized 11 
using XRD and XRF. The kinetic study of goethite dehydrate was investigated by TG 12 
and DTG at different heating rates (2, 5, 10, 15, 20oC/min) and the effect of Al 13 
substitution for Fe on dehydrate was studied. The results showed that two types of 14 
absorbed water with the same Ed values of 3.4, 6.2 kJ/mol were confirmed on goethite 15 
and Al-substituted goethite. Three types of hydroxyl units were proved, one being on 16 
the surface and the other two being in the structure of goethite. The substitution of Al 17 
substitution for Fe in the structure of goethite decreases the desorption rate of 18 
hydroxyl, increases the dehydroxylation temperature, broadens the desorption peaks 19 
in DTG curves, and improves the Ed values from 19.4, 20.4, 26.1 kJ/mol to 21.6, 30, 20 
33.6 kJ/mol.  21 
 22 
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1. Introduction  26 
                                                 
 Author to whom correspondence should be addressed: Ray L. Frost, r.frost@qut.edu.au  
  
Goethite (α-FeOOH) occurs in soils, rocks and throughout the various 27 
compartment of the global ecosystem and is frequently used as an important raw 28 
material to produce magnetic iron oxide and pigments [1-5]. The structure of goethite 29 
is orthorhombic and each iron atom has six octahedrally distributed oxygen and 30 
hydroxyl neighbours in an almost perfect hexagonal close-packing with the 6-folded 31 
coordinated Fe atoms occupying the octahedral position [6]. The Fe atoms are 32 
arranged in double row to form what can be described as double chains of octahedra 33 
running the length of the c-axis, while the bonding between the double chains consists 34 
of relatively weak hydrogen bonding directed through apical oxygen ions along the a-35 
axis [7]. In this case, non-stoichiometric hydroxyl units incorporated into the goethite 36 
structure during crystal growth were found and researched widely [8-11]. Excess OH 37 
or non-stoichiometric OH occurs in goethite and mostly strongly affects the unit cell a 38 
dimension [9, 10, 12] and reduce goethite dehydroxylation temperature [9, 13]. 39 
Besides, goethite formed from Fe2+ systems usually contains more excess OH and has 40 
a lower dehydroxylation temperature than goethite synthesized from Fe3+ systems.  41 
 42 
Furthermore, the 6-folded coordinated Fe can be replaced by Al, Cr, Co, etc, 43 
among which the substitution of Al for Fe was well demonstrated and has been 44 
proved to occur universally in natural goethite [14-21]. Al substitution amount for Fe 45 
differs from different natural goethite ranging from zero to 33 mol% [2, 22, 23]. And 46 
the effect of Al substitution on the crystal structure of goethite has been researched for 47 
decades [24-26].The dehydroxylation of goethite can be influenced by Al substitution, 48 
particle size and structural defects. The report [22] showed that the dehydroxylation 49 
temperature and specific surface area of goethite increased and unit cell dimensions of 50 
goethite decreased as Al-substitution increased.  These researches [9, 13, 22, 27] 51 
showed a larger amount of non-stoichiometric hydroxyl units is associated with a 52 
higher aluminum substitution. A shift to a higher wavenumber of bending and 53 
hydroxyl stretching vibrations is attributed to the effects of aluminum substitution 54 
associated with non-stoichiometric hydroxyl units on the a–b plane relative to the b–c 55 
plane of goethite. 56 
 57 
Frost et al. reported [28] two endotherms found at 75 and 225°C for synthetic 58 
goethite and attributed to the loss of water and the dehydroxylation of the goethite, 59 
respectively, and four peaks were found in the DTA curve of goethite. In addition, 60 
evidence for the existence of two types of surface hydroxyl groups has also been 61 
reported [29, 30]. However, no report about the kinetic study of dehydration and 62 
dehydroxylation for goethite and the effect of Al substitution was forthcoming.  63 
Therefore, kinetic study about dehydration and dehydroxylation for goethite the effect 64 
of Al substitution on that is investigated and a basic message about the types of 65 
hydroxyl in goethite is provided by the characterization of TG and DTG in this paper. 66 
 67 
2. Experimental  68 
2.1 Synthesis of goethite and Al-substituted goethite 69 
Preparation of goethite 70 
100g of Fe(NO3)3·9H2O and 400mL deionized water were placed in a 1000 mL 71 
beaker.  Fe(NO3)3·9H2O was dissolved by stirring continuously. After dissolution, 72 
KOH with a concentration of 5 mol/L and a concentration of 0.1 mol/L were used to 73 
regulate the pH at 13.9±0.1 pH units. After finishing the above, the beaker was sealed 74 
with preservative film to prevent evaporating and then put into thermotank controlled 75 
at 70 oC. After 6d, the beaker was taken out to removal of redundant KOH by 76 
centrifugation several times till the pH came to neutral. After centrifugation, the 77 
deposits were dried at 105oC, cooled to room temperature and ground to obtain 78 
powder for further characterization. The sample is labelled as synthetic goethite (SG).  79 
 80 
Preparation of Al-substituted goethite 81 
9.378g of Al(NO3)3·9H2O and 90.905g Fe(NO3)3·9H2O were placed in a 1000 82 
mL beaker and then 400 mL deionized water were put into the beaker. The 83 
Al(NO3)3·9H2O and Fe(NO3)3·9H2O were dissolved by stirring continuously. After 84 
dissolution, KOH with a concentration of 5 mol/L and a concentration of 0.1 mol/L 85 
were used to regulate the pH at 13.9±0.1 pH units. The following steps are same as 86 
above. The sample is got with an Al substitution of 9.06 mol% in fact (10 mol% Al 87 
substitution in theory, Al / (Al+Fe)) and labelled as synthetic Al-substituted goethite 88 
(SAG-9). The Al substitution amount is calculated by the Chemical composition 89 
measured on a Shimadzu XRF-1800 with Rh radiation. 90 
 91 
2.1 Characterization 92 
X-ray diffraction   93 
The synthetic goethite and Al-substituted goethite were prepared as pressed 94 
powders and mounted in stainless steel sample holders. The powder X-ray diffraction 95 
(XRD) patterns were recorded on a Philips PANalytical X’Pert PRO diffractometer 96 
using Cu Kα radiation operating at 40 kV and 40 mA. XRD diffraction patterns were 97 
taken in the range of 10-70o at a scan speed of 2◦ min−1 with 0.5o divergence slit size. 98 
Phase identification was carried out by comparison with those included in the 99 
Inorganic Crystal Structure Database (ICSD). 100 
Thermogravimetry  101 
Thermogravimetric analysis of the synthetic goethite and synthetic Al-substituted 102 
goethite were obtained by using TA Instruments Inc. Q500 TGA operating at different 103 
heating rate (2, 5, 10, 15, 20 °C/min) from 38±1 to 1000 °C in a high-purity nitrogen 104 
atmosphere with a flowing rate for balance (40 cm3/min) and a flowing rate for 105 
sample (60 cm3/min) . Approximately 38±0.5 mg of finely ground dried sample was 106 
heated in an open platinum crucible.  107 
 108 
3. Results and discussion 109 
3.1 XRD 110 
Fig.1 shows the XRD patterns of synthetic goethite, synthetic Al-substituted 111 
goethite and goethite from ICSD (96-900-2159). These reflections ((020), (110), 112 
(120), (130), (021), (111), etc) are observed and indentified as goethite compared with 113 
the ICSD (96-900-2159). In addition, the variation of d-spacings of goethite 114 
reflections after the occurrence of Al substituting Fe in the structure of goethite is 115 
presented Table 2. The d spacings are obtained from the XRD patterns using the 116 
software of X’Pert HighScore Plus. As is shown in Fig. 2, all d spacings of goethite 117 
reflection derived from ICSD (96-900-2159) are lower than that of the synthetic 118 
goethite in the experiment, which should be ascribed to the different preparation 119 
methods. What is more important, all d spacings decrease slightly after the addition of 120 
Al(NO3)3·9H2O during the preparation of goethite, which is attributed to the smaller 121 
Al3+ ion radius than that of Fe3+. This is good agreement with the report [4]. Schulze 122 
[4] has reported that diffraction peaks became broad and shifted to high diffraction 123 
angel (namely smaller d spacings) with the increase of Al substitution in the structure 124 
of goethite. This phenomenon also proves the occurrence of Al substitution for Fe in 125 
the structure of goethite used in the experiments.  126 
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Fig.1 XRD patterns of synthetic goethite and Al-substituted goethite 128 
 129 
Table 1 d-spacings of reflections for SG and SAG-9/Å 130 
Sample 020 110 120 130 021 111 
ICSD 4.96 4.18 3.36 2.67 2.57 2.44 
SG 4.98 4.2 3.38 2.7 2.59 2.45 
SAG-10 4.95 4.17 3.36 2.63 2.57 2.44 
 131 
3.2 TG and DTG of goethite 132 
The TG and DTG curves of synthetic goethite with different heating rate (2, 5, 133 
10, 15, 20 oC/min) are shown in Fig. 2. The results of the component analysis of the 134 
TG and DTG curves are provided in Table 2. Four mass loss steps are observed in all 135 
TG curves and five peaks after fitting are found in all DTG curves. An average value 136 
of 14.4% total mass loss is observed over the ambient to 1000 oC range, as is 137 
displayed by the TG curves. An about 1% mass loss is found which is assigned to the 138 
superficial adsorbed water and can be desorbed at 38±1oC because all samples 139 
experience isothermal for 10min at 38±1oC before heating.  A steady 1.3% mass loss 140 
are observed, which are attributed to the absorbed water. Combining with the DTG 141 
curves, the second step should be divided into two dehydration steps. Namely, there 142 
are three types of adsorbed water on the surface of goethite.  143 
 144 
A third mass loss with an average value of 10.6% is observed at slightly high 145 
temperature which is attributed to the dehydroxylation. According to the DTG curves, 146 
three peaks can be found in the third step which should be assigned to different 147 
dehydroxylation. That is to say, there are three types of hydroxyl in the structure or on 148 
the surface of goethite. However, the theoretical mass loss for the conversion of 149 
goethite to hematite according to the equation ( OHOFe2FeOOH 232   ) should be 150 
precisely 10.1%. Therefore, the mass loss of dehydroxylation for the synthetic 151 
goethite is higher than the theoretical value. In addition, the evidence for the existence 152 
of two types of surface hydroxyl group has been reported by Parfitt [29], Russel [30] 153 
and Rochester [31]. Therefore, the third peak should be ascribed to desorption of 154 
hydroxylation which has a relative strong interaction with broken bond on the surface 155 
of goethite. Another evidence for this speculation is the less peak area than that of the 156 
latter two dehydroxylations. Moreover, excess OH occurring in goethite has been 157 
reported [10, 12].  The last about 1.6% mass loss is observed which is contributed to 158 
desorption of the remanent hydroxyl.  159 
 160 
Comparison with the five DTG curves, every DTG curve has five peaks after 161 
fitting and these peaks temperature increases with an increasing heating rate.  162 
Therefore, it is suggested that the more rapid the heating rate, the higher peak 163 
temperature. Obviously, five sub-steps including dehydration and dehydroxylation 164 
occur in goethite regardless of the heating rate. As is well-known, much more energy 165 
would be needed to overcome energy barrier to accomplish the step with high peak 166 
temperature. Therefore, based on the research [32], the following formula is used to 167 
calculate desorption activation energy of every step including dehydration and 168 
dehydroxylation, )/ln()/(lnln2 ARERTET dmdm   , where Tm, , Ed, A, R 169 
represent peak temperature, heating rate, adsorption activation energy, pre-170 
exponential factor, constant, respectively. The linear relationship between 2lnTm-ln 171 
and 1/Tm /103 is obtained, where 2lnTm-ln is labelled as y axis and 1/Tm/103 is 172 
labelled as x axis, as is displayed in Fig 3(a). Then the Ed and A calculated by the 173 
slope and intercept are shown in Table 3.  The 3.4, 6.2 kJ/mol of Ed corresponding to 174 
adsorbed water is substantially lower than 19.4, 20.4, 26.1 kJ/mol corresponding to 175 
the hydroxyl in the structure or on the surface of goethite.  176 
 177 
 178 
Fig. 2. TG and DTG of (a-e) goethite with an elevated heating rate 2, 5, 10, 15, 20 179 
oC/min. 180 
 181 
 182 
 183 
 184 
 185 
 186 
Table 2 Component analysis of the mass loss of the TG and DTG for SG and 187 
SAG-9 188 
Sample 
Heating 
rate/ 
oC/min 
Step 1 
dehydration 
Step 2 
dehydration 
Step 3 
dehydroxylation 
Step 4 
dehydroxylation Total mass 
loss/% Mass loss/% T/
oC Mass loss/% 
Tm1 
/oC 
Tm2 
/oC 
Mass 
loss/% 
Tm3 
/oC 
Tm4 
/oC 
Tm5 
/oC Mass loss/% 
SG 
2 1 38±1 1.3 53.9 80.9 10.6 177.5 212.4 242.7 1.6 14.5 
5 1 38±1 1.3 56.1 85.7 10.5 183.5 223.6 258 1.6 14.4 
10 1 38±1 1.3 61.7 90.5 10.5 195.5 241.2 272.4 1.5 14.3 
15 0.8 38±1 1.3 67.3 96.2 10.7 203 250 279.7 1.6 14.4 
20 1 38±1 1.3 67.3 101 10.6 206 250 286.1 1.5 14.4 
SAG-9 
2 1.2 38±1 1.3 53.7 84.9 10.1 196.3 256.4 288.5 1.1 13.7 
5 1.3 38±1 1.4 57.7 93.8 10.1 216.4 270 306.9 1.3 14.1 
10 1.1 38±1 1.2 66.5 102.6 10.1 223.6 281.3 320.5 1.3 13.7 
15 1.2 38±1 1.2 66.5 105 10.2 225.2 291.7 327.7 1.1 13.7 
20 1.3 38±1 1.4 66.5 105 10.1 230 299 338.1 1.3 14.1 
 189 
 190 
Fig. 3. The relationship between 2lnTm-ln and 1/Tm /103 for SG (a) and SAG-9 191 
(b) 192 
 193 
Table 3 The results of Ed/kJ/mol and A for SG and SAG-9 194 
Sample Ed/kJ/mol A Tm1 Tm2 Tm3 Tm4 Tm5 
SG Ed 3.4 6.2 19.4 20.4 26.1 A 740 282 9×104 1.2×104 4.5×104 
SAG-10 Ed 3.4 6.2 21.6 30 33.6 A 271 355 194 98 71 
 195 
3.3 TG and DTG of substituted-goethite 196 
The TG and DTG curves of synthetic Al-substituted goethite with different 197 
heating rate (2, 5, 10, 15, 20 oC/min) are shown in Fig. 4. The results of the 198 
component analysis of the DTG curves are provided in Table 2. Four mass loss steps 199 
are observed in all TG curves and five peaks after fitting are found in all DTG curves, 200 
which is the same as that of SG. 201 
The attribution of the four steps according to TG curves and five peaks based on 202 
DTG curves for SAG-9 are same as that of SG. However, these temperatures of 203 
desorption peaks increase when Al substitutes for Fe in the structure of goethite 204 
compared with that of SG, especially these temperatures of dehydroxylation. These 205 
temperatures corresponding to dehydroxylation for SAG-9 increase by about 25, 40, 206 
50 oC, respectively, in comparison to that of SG. This is good agreement with the 207 
report [22, 28]. The research of Ray showed that the temperature of mass loss steps 208 
increases regularly with the increase in %Al substitution. A conclusion from the 209 
report of Ruan indicated that goethite synthesized from ferrous system altered to 210 
hematite with DTGA maximum increasing from 236 oC to 273 oC for 0-30.1mol % 211 
Al-substitution. The reason evidently should be ascribed to the smaller atomic radius 212 
of Al than that of Fe, which results in a stronger coordination as OH- is linked via the 213 
bond of Al-O to Al3+.  214 
 215 
To investigate the effect of Al substitution on desorption activate energy of 216 
dehydration and dehydroxylation, the above formula is used to calculate the Ed. The 217 
linear relationship between 2lnTm-ln and 1/Tm /103 is illustrated in Fig. 3(b) and 218 
calculated results are presented in Table 3. The both have a positive relativity for 219 
dehydration of SAG-9 same to that of SG. As is shown in Table 3, the same Ed and 220 
the different A are observed for the two types of goethite. However, the Ed for 221 
dehydroxylation of SAG-9 increases from 19.4, 20.4, 26.1 kJ/mol to 21.6, 30, 33.6 222 
kJ/mol when compared with that of SG. Such an effect is in harmony with the results 223 
of changes in the temperature of desorption peaks as is observed from DTG curves. In 224 
a contrary, the values of A for SAG-9 decrease dramatically compared with that of SG. 225 
The A partly denotes the desorption rate. Therefore, the change of A values is 226 
positively associated with the changes of DTG curves. As is indicated in Fig. 4, all 227 
adsorption peaks become broad and shift to high temperature. 228 
 229 
Fig. 4. TG and DTG of (a-e) Al-substituted goethite with an elevated heating rate 230 
2, 5, 10, 15, 20 oC/min 231 
4. Conclusions 232 
Three types of adsorbed water and three types of hydroxyl units are observed 233 
using TG and DTG for the synthetic goethite and Al-substituted goethite. The 234 
desorption of the first adsorbed water occurs easily in spite of the temperature of 38±1 235 
oC. The values of Ed for the other two types of adsorbed water are 3.4, 6.2 kJ/mol for 236 
goethite and aluminous goethite. However, the Ed values of three types of hydroxyl 237 
for Al-substituted goethite have an increase from 19.4, 20.4, 26.1 kJ/mol to 21.6, 30, 238 
33.6 kJ/mol when compared with that of goethite. The first hydroxyl should be 239 
ascribed to be linked to the surface broken bond and the latter two hydroxyls are 240 
assigned to locate in the structure of goethite. The A values of dehydroxylation for 241 
aluminous goethite decrease dramatically compared with that of goethite. The 242 
substitution of Al for Fe in the structure makes desorption peaks of hydroxyl become 243 
broad and shift to high temperature due to the slow desorption rate.  244 
 245 
The results provide a baseline kinetic information on the dehydration and 246 
dehydroxylation of goethite and the effect of Al substitution on that. The way can be 247 
extrapolated to the relative study of minerals on the types of hydroxyl.  248 
 249 
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